divorce. Spalding subsequently married Colleen King and together they had two sons, William and Jeremy.
On returning to England in 1947, Spalding rejoined the programme of experimental testing at RPE. On 14 November 1947 an accident occurred at Test Stand D, killing two British technicians and Dr Johannes Schmidt, the leader of the German rocket team who had been working on the use of hydrogen peroxide as a rocket-fuel oxidizer. Spalding had been scheduled to take part in that experiment but, fortunately for science, he remained at home that day.
In 1948, however, his RPE employment was abruptly terminated because of his prior Communist Party membership (despite his resignation from that organization in 1946). Pincher (1948) reports that Spalding 'helped unravel the secrets of the great German rocket station at Völkenrode, [and] . . . now has been directed to the non-military National Physical Laboratory where he is designing teeth for gear wheels'. Possibly, this summary removal from work in heat transfer and combustion spurred his turning to doctoral research. With an ICI Fellowship, he joined Pembroke College, Cambridge, for research on the combustion of liquid fuels. He submitted his thesis in 1951 (1)* and graduated the following year. Thereafter, he was appointed a demonstrator in the engineering department. With this position, he and Eda (who had lived rather frugally during his doctoral studies) moved into a new house on the outskirts of Cambridge to give space for their growing family. One outcome from his thesis was a transfer number, now commonly referred to as the Spalding Parameter (or Spalding Number) and applicable to either heat or mass transfer, that (for heat transfer) expressed the ratio of heat conducted from the droplet surface to the latent heat of vaporization. His revolutionary work on combustion also led to a book (2), which brought together concepts in heat transfer, mass transfer and chemical reaction to tackle the complex problem of combustion.
Imperial College
The several years that Spalding spent at Cambridge following his PhD suggest that he expected to become a permanent academic there in due course. However, Owen Saunders (FRS 1965) , head of mechanical engineering at Imperial College, needed to make a senior appointment in thermo-fluids because the reader in that area had left for a chair at Nottingham. Saunders, who was himself a heat transfer specialist, thereupon made an offer that Spalding could not resist. Spalding joined Imperial College in 1954 as the reader in applied heat, an attachment which was to last for the remainder of his academic career.
While not the most senior member of the thermo-fluids academics, with his youth and energy Spalding quickly acquired leadership roles that extended from research to the undergraduate programme (figure 1). An early initiative was to revise the teaching of thermodynamics, a subject taken by all entering engineering students at the time. While at Cambridge he had taught thermodynamics to the undergraduate class, creating extensive notes in the process. Following his arrival at Imperial, he learned that a new colleague, E. H. Cole, had done likewise; so, they agreed to collaborate in producing an introductory textbook in the subject (7), which still remains in print. Meanwhile, his personal research continued along various themes within combustion (3, 4) . In 1958 Spalding was promoted to the chair of heat transfer and delivered his inaugural lecture, 'Heat transfer in rocket motors'. The dynamism he brought to the position is conveyed by the fact that in the same year he published no fewer than 15 other papers, more than half single-authored.
As his inaugural lecture's title had implied, Spalding's research interests had broadened to include solid fuel combustion. That necessitated an analysis of the processes of mass transport in the vicinity of the solid fuel surface (10) . He published a series of papers on mass transfer through laminar boundary layers with Harry Evans, a member of his lecturing staff (9) , and, in his sole name, a further textbook (12). His research continued to be directed at various aspects of gas-turbine combustion, including flame holders (8) . However, film cooling the metallic combustion-chamber surfaces necessitated a more detailed examination of the velocity boundary layer. Moreover, boundary layers in such situations were invariably in turbulent motion, not laminar. An early contribution (11), which reduced the computation of surface heat transfer rates in developing turbulent boundary layers to a look-up table, attracted significant interest and led Gardner & Kestin (1965) to provide additional computations for a range of Prandtl numbers. They termed the outcome the Spalding Function. To have a dimensionless group named after one is often seen as a significant honour; to have two parameters carrying one's name for work published before the age of 40 is certainly remarkable! Spalding, however, paid scant attention, probably because he had already recognized that the Spalding Function was limited to conditions too restrictive to have widespread applicability. Moreover, he realized that, before substantive progress could be made in predicting turbulent combustion, great improvement was needed in computing turbulent flows themselves, whether or not combustion was occurring.
In the early 1960s the strategy adopted for calculating turbulent flows was via 'integral profile' methods. In such schemes the variation of velocity with distance across the boundary layer was prescribed in terms of one or more shape parameters whose values were determined by solving the integrated form of the momentum equation, plus such other moments of the momentum equation or empirical equations needed to determine the unknown shape parameters. Head (1960) had found that the entrainment rate of fluid into the boundary layer through turbulent eddies was well correlated with the shape of the velocity profile; it was this approach that Spalding and his students adopted. While several groups around the world were developing schemes of the same broad type, from the outset Spalding embedded far greater generality into his group's approach than any other. The need for generality may well have been stimulated by the book by Kutateladze & Leont'ev (1964) , which he had recently translated from Russian. Thus, while analysis was limited to two-dimensional flows (as for all other groups), in developing what he termed his 'Unified Theory', it was structured to handle both axisymmetric and plane two-dimensional cases and the scheme also included provision for computing heat and mass transfer at a high Mach number. While other groups addressed only 'pure' boundary layers where velocity increased monotonically from zero at the wall to the prevailing external velocity at the edge of the boundary layer, Spalding (with a view to cooling gas-turbine combustion chambers) included 'wall jets' where the maximum velocity occurred within the boundary layer and, indeed, jets, wakes and mixing layers where rigid boundaries were absent (13).
Contributions to computational fluid dynamics (CFD)

Two-dimensional flows
While undoubtedly Spalding's Unified Theory was ambitious, its limitations became evident as more complex applications were considered. Essentially, the prescription of velocity and temperature variations within the flow employed too few parameters to give sufficient flexibility. Spalding favoured assuming linear velocity variations across strips of the shear flow. This gave unlimited flexibility since a large number of strips could be used. However, the main difficulty arose from using the Runge-Kutta method to solve the ordinary differential equations for shear-layer parameters: the algorithm sometimes became unstable or required excessively small forward steps for stability.
In 1966, Spalding and his research student Suhas Patankar attended the International Heat Transfer Conference in Chicago to present their latest work on the Unified Theory (14) . Before returning to London, Spalding had arranged a consultancy project in Boston for several weeks; the period they spent together provided the opportunity to re-evaluate their research direction. The use of piecewise-linear profiles had made the values of dependent variables at discrete locations the parameters to be solved. They then recognized that a conventional finite-difference method (used for heat conduction, for example) also treated such discrete values as unknowns; so, why not re-cast the profile method directly as a finite-difference method? They worked tirelessly, and the outcome (15) was a highly successful method for two-dimensional thin shear flows. The scheme carried over much of the vision of the Unified Theory. One important difference was that, instead of the Runge-Kutta method, a fully implicit method was chosen because of its unconditionally stable behaviour. The journal paper was quickly followed by a book (16) that included a listing of the computer program. Following Patankar's return to India (having obtained his doctorate), Spalding felt that the software needed restructuring to make it easier for non-experts to use. Thus, for the first time, he personally undertook a major coding exercise, with the resultant program, GENMIX, being included in the second edition (20) .
The original Unified Theory and its subsequent finite-difference, or (as later termed) finite-volume, implementation were focused on 'parabolic' flows, in which there was one predominant flow direction. The equations could thus be solved by 'marching' from upstream to downstream, a computationally economical strategy. However, most industrial flows had regions that were 'elliptic' rather than parabolic, since flow recirculation was present. Thus, with the continually expanding computational resources, two students under Spalding's guidance, Micha Wolfshtein and Akshai Runchal, began work on developing a finitedifference method for such two-dimensional elliptic flows. The group chose the stream function (ψ) and the vorticity (ω) as dependent variables, a convenient choice for twodimensional situations. These equations were initially solved by a finite-difference method employing the standard central-difference scheme. Early attempts to use the method for flows at a high Reynolds number failed to converge, however. At this point, Spalding proposed the use of 'upwind' differencing in place of central differences. He considered the computational cells as tanks that were connected to neighbouring cells by tubes. Flow through the tubes, he argued, would carry the value (of a variable) from the upstream tank. This was the essence of the upwind scheme, which enabled convergence at any Reynolds number. It was later discovered that Courant et al. (1952) and several subsequent researchers had already used such one-sided differences for the same purpose. However, their use of 'upwinding' seems to have been motivated by mathematical necessity rather than physical insight. In fact, Spalding worked out the exact solution for a one-dimensional problem involving convection and diffusion, showing that, for small flow rates, central differencing was the correct formulation and that upstream weighting became necessary as the flow rate increased. He thus proposed a hybrid scheme (a combination of central and upwind differencing at appropriate flow rates), which became very widely used (23).
Around this time, Spalding proposed a general differential equation for the transport of all variables, such as velocity components or chemical-species concentration. The equation had four parts: (1) time-dependence, (2) convection, (3) diffusion and (4) source. If the general dependent variable is denoted by φ, the differential equation is written as
For a particular meaning given to the variable φ, there would be the corresponding Γ φ , S φ and boundary conditions. This seemingly simple idea had profound implications for the development of algorithms and computer programs. A calculation procedure now needed to focus only on solving the above equation. It could then be used by setting φ to be any desired variable. The computer program could thus provide the pathway for solving the general equation with many different meanings assigned to φ. For example, twophase flows had two sets of velocity components, one for each phase; shell-and-tube heat exchangers were treated as interpenetrating continua, having at each location a shell-side and a tube-side temperature. Ordinarily, such extensions would have required additional development of solution schemes and computer programs; however, by focusing on the general differential equation, Spalding had already made provision for all future transport equations that may arise, whether modelling turbulence, radiation, combustion or multi-phase flow. Thus, by the end of the 1960s, the finite-volume methods for two-dimensional parabolic and elliptic flows had become the basis of nearly all computational research in Spalding's group. The methods were used for a variety of applications, for development of physical models and for further examination and refinement of the methods themselves. Like the parabolic method, the elliptic scheme was published as a book (18), which contained a detailed description of the method and a computer program; its appearance was timely since the extra computational resources needed (vis à vis the parabolic solver) were in tune with expanding computer capabilities. The two books provided convenient access to the two strategies and gained a considerable following around the world.
Turbulence modelling
For all its merits, the book presenting the boundary-layer solver (16) only adopted the algebraic mixing-length hypothesis (MLH) of Prandtl (1925) to represent turbulent mixing. The method acquitted itself reasonably well in his group's submission to the 1968 Stanford Conference on the Computation of Two-Dimensional Turbulent Boundary Layers (Kline et al. 1968) ; but, evidently, something better was needed for the solver to achieve wide applicability. Indeed, the need to upgrade the model of turbulence was plainly evident if one sought to compute impinging and separated flows. Spalding's 1967 paper (17) had shown that, for such flows, the square root of turbulent kinetic energy offered a far better measure of the relevant turbulent velocity scale than that provided by the MLH. The complementary book on twodimensional recirculating flows (18) thus incorporated a variant of the later model of Prandtl (1945) in which a transport equation was solved for k, the turbulence energy per unit mass (i.e. half the sum of the mean-square velocity fluctuations about the mean), along with the mean-flow velocities and pressure. The effective turbulent viscosity μ t was then obtained from μ t = c μ ρ √ k where ρ denotes the fluid density, a turbulent length scale (to be prescribed by the user) and c μ an empirical constant.
However, the need for the user to prescribe the length scale variation in other than attached boundary-layer flows was an impossible task. Spalding discovered that Rotta had proposed a transport equation for the turbulent length scale in 1951 (Rotta 1951 ); so, he set two students (Wolfgang Rodi and Kam-Hong Ng) to work on developing and successively refining Rotta's equation used with an eddy-viscosity model. The resultant paper on free shear flows (19) showed that such a model enabled a range of mixing layers and plane and radial jets to be computed with precisely the same model. When applied to the development of boundary layers along walls (24) , however, correct near-wall behaviour could only be achieved by adding a further empirical term dependent on wall distance.
Independently, Spalding also devised a model to determine the turbulent length scale, choosing as dependent variable the quantity W ≡ k/ 2 (25) . The model was used together with an equation for the mean-square scalar fluctuations to successfully compute concentration fluctuations in a round jet (21). Overall, however, the W equation achieved similar mixed success to the Rodi-Ng scheme. He also encouraged a junior colleague, Brian Launder, to join in the search for the optimum choice of length scale variable. With his research student Kemal Hanjalić, Launder chose the kinematic turbulence energy dissipation rate ε ≡ k 3/2 / as the dependent variable, and discovered that with this choice the correct near-wall variation of length scale was predicted in a boundary layer without any near-wall correction (Hanjalić & Launder 1972; Jones & Launder 1972) . After several months' testing and comparing the different models, Spalding proposed that the group's efforts in turbulence modelling should thenceforth focus on the k − ε model alone.
The first opportunity to bring this progress to the attention of the important US community in CFD was at a specialist NASA conference convened to examine the capabilities of available schemes in predicting free shear flows. The Imperial College team submitted computations for 23 of the 24 test cases (by far the most comprehensive range among the competing teams) (28) , leading the invited American expert, Professor P. A. Libby, to comment: 'I am greatly impressed by the powers of the new methods developed by the Imperial College group' (NASA 1973).
Subsequently, with Launder, a paper summarizing the diversity of the results obtained with this scheme (including near-wall, free and recirculating flows) was submitted to a conference in the USA; to their amazement, the paper was summarily rejected! Undeterred, and with just minor editing, it was sent to a journal where, following review, it was accepted without change. In the years since publication, the paper (29) has gone on to become by far the most cited work of either author. Besides presenting the usually cited form of this two-equation eddy-viscosity model, it also contained a new strategy for applying the boundary condition at the wall. Even today, the numerical task of computing three-dimensional turbulent flows is so great that it is usually impracticable to resolve numerically the wall-adjacent 'viscous sublayer' (since the no-slip condition means turbulent mixing falls precipitately to zero at the wall). The usual approach in CFD was thus to use 'wall functions', i.e. empirical, algebraic formulae linking flow properties near the wall (but in the fully turbulent region) with the shear stress and heat transfer rate at the wall itself. The commonly-adopted formulation was the so-called Law of the Wall
where U τ ≡ √ (τ w /ρ) is termed the friction velocity. These equations link the velocity (U P ) and temperature (T P ) at a distance y P from the wall to the shear stress τ W , temperature T W and heat fluxq W at the wall-the quantities κ, C and σ t being assumed universal constants and P a function of the fluid's Prandtl number, (see Jayatilleke (1969) ), while μ and c p denote the fluid's viscosity and specific heat. The inadequacy of these formulae for recirculating flows is evident from the second equation, which implies that at a reattachment point, where the wall stress vanishes, the heat flux also vanishes. In reality, the heat flux is usually close to a maximum at such reattachment points! The paper (29) , following ideas set out in earlier internal reports by Spalding, removed this anomaly by replacing U τ in the above formulae by the square root of turbulence energy at the near-wall node k 1/2 P . Thus, for example
The coefficient c q was set to 0.3 1/2 to match the approximately constant value of k/(τ W /ρ) found close to a wall in a simple shear flow. At a turbulent reattachment point, unlike the wall shear stress, k P does not vanish-indeed, it reaches very high levels, causing high heat transfer rates. Although this formula did not predict uniformly good heat transfer rates in separated flows, it was, nevertheless, a major improvement on its predecessor.
Three-dimensional developments
After the success of the two-dimensional (2D) methods for parabolic and elliptic flows, in 1969 Spalding's group began exploring techniques for three-dimensional (3D) flows. The 2D methods developed earlier were intrinsically tied to two-dimensionality through their use of stream function. The extension to three dimensions required primitive variables, namely, the velocity components and pressure. Further, the distinction between boundary layer and recirculating flows was less clear-cut: a 3D boundary layer had a parabolic behaviour in the mainstream direction (x) while its cross-stream directions (y and z) presented a 2D elliptic problem (since the subtle pressure variations in this plane had to be resolved to determine the secondary velocities, v and w).
For 3D parabolic flows, Spalding decided that the streamwise velocity should be driven by a single pressure gradient d p/dx across the whole boundary layer. For unconfined flows, this pressure gradient was taken from that in the external free stream; for confined flows, it was determined from overall mass conservation. In the cross-stream plane, the two velocity components, v and w, and any pressure variation were to be obtained so as to satisfy the two momentum equations and local continuity. Spalding later proposed a partially parabolic procedure (31) where pressure values alone were held in a 3D array, enabling dp/dx to vary over the y-z plane.
In dealing with velocity components and pressure, it became obvious that, if all variables were stored at the same grid locations, the resulting scheme could produce very strange variations of pressure because the pressure gradients depended on differences between alternate grid points, rather than those where the velocities were located. To solve this problem, Spalding adopted a 'staggered grid', where the velocity components were stored at displaced locations relative to the grid points for pressure. Hence, the pressure difference between two neighbouring grid points was used to 'drive' the velocity component located between them. (Unknown to him at the time, the Los Alamos Group under Francis Harlow had already adopted this practice; Harlow & Welch 1965) .
To solve 2D elliptic flows in the cross-stream plane, Spalding initially proposed the SIVA (SImultaneous Variable Adjustment) procedure, in which the two velocity components and pressure were simultaneously calculated at a control volume to satisfy the continuity equation and two momentum equations (26). The solution for the whole field was obtained iteratively by point-by-point calculation. Where large numbers of grid points were required, however, convergence was slow; some alternative was needed.
In early 1971, Patankar returned from India to pursue further research with Spalding. Any scheme for obtaining velocity components and pressure needs a method for calculating the pressure field. For this, Patankar and Spalding came up with a robust and efficient calculation method with the acronym SIMPLE (Semi-Implicit Method for Pressure-Linked Equations). The algorithm first solves the momentum equations by using an estimated pressure field, p*. Velocities calculated from this estimated pressure field will not, in general, satisfy the continuity equation. A correction p is thus proposed to pressure p* so that the corresponding corrections to the velocity field bring agreement with the continuity equation. This requirement leads to an equation for p . On solving that equation, values of p are used to correct the pressure and, in turn, the velocity components. The corrected velocity field now perfectly satisfies continuity. The whole calculation sequence is iteratively repeated using the corrected pressure field as the new estimated pressure field.
The SIMPLE algorithm had originally been presented by Patankar & Spalding (27) in the context of a method for 3D parabolic flows. However, it was obvious that the method was equally applicable to 2D and 3D elliptic flows. The method was successful beyond all expectations, reinforcing Spalding's reputation in CFD and becoming the basis of many commercial CFD software products.
Combustion
Even before completing his doctorate, Spalding had written six peer-reviewed publications and, over his subsequent career, wrote more than 100 papers (from a total of over 350) covering a plethora of combustion-related topics. In his final paper, in 2016, he returned to combustion modelling without using presumed probability-density function profiles (a strategy he had scorned 40 years before).
A survey of his extensive contributions to the broad field of combustion clearly shows the originality of his ideas and his ability both to model complex physical and chemical processes and to transform their effects into features that are immediately useful to the practitioner. His doctoral thesis proposed fundamental mechanisms for heat, mass and energy transfer from a liquid droplet. Then, from exquisitely simple experiments, he confirmed the basic processes encapsulated in what is now referred to as the Spalding Number. In 1955 he wrote (2):
An engineer entering the combustion field requires a grounding in an unusually large number of sciences, among them thermodynamics, aerodynamics, heat and mass transfer, and chemistry.
He remained focused on the phenomena themselves and their implications, such as heat transfer to the walls confining the flow in industrial processes, and the accompanying turbulence and mass transfer phenomena. Spalding's emergence as a substantive combustion expert arguably began in 1957 when he published two, now classical, papers in the inaugural volume of Combustion and Flame (5, 6): they were imaginative, rigorously derived and practically useful, and they comprised seminal analyses of the reacting flow equations in laminar flames.
From the late 1960s, however, he perceived combustion differently: a process of which the modelling incorporated flow structure. Indeed, from his widely referenced 1971 paper (22) , he concluded that, for a range of flame conditions (fuel type, equivalence ratio, mean speed of the approaching flow or the magnitudes of either pressure or temperature), it was the aerodynamics of the flame rather than the chemical kinetics that controlled its spread rate. He replaced the 'entrainment-is-burned' concept with his 'mixed-is-burned', which became known as his 'eddy-break-up' (EBU) model. This concept, combined with his model for Lagrangian aspects of turbulent combustion, matured into the ESCIMO model (a mnemonic for Engulfment, Stretching, Coherence, Interdiffusion, Moving-Observer) (32, 33) (see also Artemov et al. 2009 ). Spalding, drawing on ideas of previous authors, formulated a model (33) that can be regarded as the first multiscale interpretation of turbulent combustion suitable for inclusion within a CFD code. The theory of ESCIMO included (and the software provided) both 'demographical' and 'biographical' elements. The 'demographic', or Eulerian, portion concerns the statistics of the population of coherent fluid parcels: how many of each kind are born; where they travel; to what environmental conditions they are subjected; and how long they live. The 'biographical', or Lagrangian, part concerns what happens within the parcel between its birth and its death. It is here that the one-dimensional transient problem is solved, and the full complexity of the chemical reaction is introduced (33). Furthermore, Spalding noted,
The complete ESCIMO theory therefore combines the two elements; and so it is able, at least in principle, to provide information about what population of coherent parcels is likely to be present at any location or time, and what the physical and chemical state of each parcel will be. This information can be expressed in many forms; for example, it may be expressed in terms of probability density functions (pdfs).
The ESCIMO model was applied by Spalding and co-workers to several canonical configurations, such as stirred reactors, baffle flames and free jets, for which analytical solutions for the fold populations could be calculated with suitable simplifying assumptions. It was later successfully applied to turbulent, non-premixed hydrogen-air flames (33). Over the intervening years since its original formulation, the concepts embodied therein matured, eventually emerging as Spalding's population model. To get to that stage, however, Spalding directed his attention to other multi-phase phenomena.
Multi-phase and multi-fluid flows
After developing a satisfactory calculation method for single-phase problems, Spalding turned his attention to multi-phase flows, for which he proposed the inter-phase-slip algorithm (IPSA), in which each phase is assumed to form a continuum, interpenetrating other phases (34). At each location, each phase has a volume fraction and its own velocity and temperature field. The transport equations for each phase contain terms representing inter-phase transfers. Thus, any velocity difference (the slip) between other phases creates a shear-force term, while temperature differences lead to inter-phase heat transfer.
While this formulation was a natural extension of a single-phase method, Spalding found it necessary to introduce two novelties. When inter-phase transport was dominant, a segregated solution of the conservation equations converged too slowly. He had encountered a similar problem in heat-exchanger calculations and had devised the partial elimination algorithm (PEA) to remove the difficulty; the same idea was adopted in multi-phase flows. When different phases had vastly different densities (for example, gas and liquid), the overall mass conservation equation was dominated by the denser phase. To overcome this difficulty, Spalding proposed a 'volume continuity equation', which led to comparable terms for each phase (30) .
After developing the concepts of multi-phase flows, Spalding applied them to turbulence modelling (treating the turbulent flow as a mixture of laminar and turbulent phases) (36, 40) and for advanced combustion models (assuming a two-phase mixture of burned and unburned gases) (37, 38) .
After retiring from Imperial College in 1988, he directed his attention to developments within the commercial CFD world and to creating mathematical models for the processes encountered. Moreover, as an ongoing project, he turned to further developing his 'population model' (the first attempt, the eddy breakup model, was two-population). He first considered turbulent flow alone because of its natural multiple length scale features, and then extended the idea to four and then 14 elements. For a four-fluid model of turbulent combustion, he supposed the mixture to consist of fragment classes comprising: (a) fully-unburned gas; (b) a mixture of unburned gas and combustion products of too low a temperature for chemical reaction rate to proceed at significant speed; (c) as in (b) but at higher temperatures and chemical reaction rate is significant; and, (d) fully burned gas.
The EBU only allowed (a) and (d); his four-fluid model allowed for (b) and (c) too, and there is no reason why a larger number of intermediate states, each with its own reaction rate, should not be introduced. If a large number of intermediate states were to be introduced, the model might be classified as belonging to the 'probability-density function family' (40).
His ESCIMO theory, initially devised for turbulent combustion, played an important role in enabling him to progress from a single-to a multi-fluid view. Thus, calculations could contain many tens or even hundreds of fluids. An excellent overview of his population model ideas is to be found in the abstract of his lecture to the Franklin Institute on the occasion of his receipt of the Franklin Award (47) . Finally, in his last published paper, he extended this concept to multi-member population for combustion (48). Unfortunately, this approach awaits others to carry forward his ideas.
CHAM
In 1969, in the wake of growing external interest to apply the new software to tackle real design problems, Spalding had formed a consultancy company, CHAM (Combustion, Heat and Mass Transfer Limited), through which to handle these activities. The external demand for projects continued to grow, to a point that mandated a change in organization. The route he chose was to invite four of his academic colleagues to engage in managing the consultancy projects. He also made a further change to the academic management of the section by declaring that the same group would henceforth form the section's 'policy group' for postgraduate activities.
For a year or two, CHAM's management team functioned reasonably well, with each member managing one or two projects. However, Spalding became greatly troubled by delays to project completions (a common occurrence in academic research, but seriously detrimental to a commercial operation). In the end he took the only decision that seemed to offer a way out: he moved CHAM's entire operation out of the college, releasing the four-man management team from any further involvement and thus taking back personal responsibility for all CHAM's projects. Shortly thereafter the operational name of the company was changed to Concentration, Heat and Momentum Limited, a re-branding enabling the company's acronym to remain unchanged.
With the need for Spalding's much greater involvement in shaping his company's development, there followed a lengthy series of exchanges with his head of department, Sir Hugh Ford FRS. In the end it was resolved to divide the heat transfer and fluids activities into a heat transfer section, headed by Spalding, and a fluids section, headed by James Whitelaw (FRS 1996) , the latter handling all instructional matters for both areas. This arrangement was an important one, enabling Spalding the time and energy to grow CHAM from a minor consultancy company to become the leading international CFD software house by the end of the 1970s.
In 1974 CHAM established its headquarters in New Malden (Spalding's birthplace); it later moved to Wimbledon Village, conveniently close to his family home. The company began with a cadre of talented young staff mostly recruited from the heat transfer section at Imperial College. In 1976 CHAM North America (CHAM NA), based in Huntsville, Alabama, was established, providing a bridgehead in the USA to benefit from consultancy opportunities within the US space programme. Spalding's ability to find unique methods of solving some of the most vexing problems faced by industry helped to keep CHAM ahead of rival CFD companies then entering the field.
It was also in the year 1976 that Arthur Lefebvre was appointed to head Purdue University's mechanical engineering department. Lefebvre, a distinguished British combustion researcher, arranged for Spalding to be offered the Reilly Professorship in Combustion. Spalding accepted (taking leave of absence from Imperial College), but in 1978, missing life in the UK, he decided to return. His stay in the Mid-West was, nevertheless, productive on two counts. Firstly, numerous trips from Purdue to Huntsville meant that CHAM NA became firmly established. Moreover, he began considering how to restructure the plethora of CHAM codes into a seamless whole. With the impetus established, on his return to the UK he continued with senior CHAM staff to create a major new solver. In October 1981, PHOENICS was launched from the Wimbledon offices, the first fully-fledged, general commercial code. By 1983 there were 29 users worldwide; four years later that number had grown to 190, with new CHAM offices across the world. CHAM continued to expand throughout this golden period, with 40 technical and support staff in the UK in 1986 and about 20 at CHAM NA. The increasing number of branches and agents around the world enabled good penetration of the emerging market for computational methods to aid design.
While CHAM and CHAM NA remained under his direction, Spalding focused on modelling, leaving others to handle sales and administration. He also continued to supervise students at Imperial College. With his accustomed inventiveness, numerous models were devised and tested by his research group. One was the world's first interactive flowvisualization package, GRAFFIC, written and tested by Dr G. D. Mallinson (now at the University of Auckland) and one of the authors (AP), and licensed to CHAM to become PHOTON (PHOENICS OuTput optiON).
After his retirement from Imperial College, Spalding's writings focused on internal CHAM documents as well as contributions to journals and conferences. He believed that CHAM's position in the emerging world of commercial CFD demanded unique approaches rather than strategies that had emerged within a university environment. He established what was probably the first 'user-group' for those engaged in CFD and the peer-reviewed PHOENICS Journal. The latter served the growing base of PHOENICS users. He also arranged for the issue of newsletters, which appear quarterly to this day. He remained convinced, for many years, that PHOENICS was the answer to helping industry and academic partners achieve their modelling aims. At the 30th anniversary of its launch, he apologized 'for still finding ways to improve PHOENICS'. With those few words he again exhibited his persistence in following a particular direction, neither deterred by adverse opinion nor attracted by alternative paths-unless he saw them as manifestly better. As noted, by 1983 other codes had entered the commercial CFD market, nearly all of which can be traced back either to CHAM or to Spalding's Imperial College team. Over the ensuing decades, CHAM and PHOENICS alone remained in private hands while others were consolidated into a few corporate entities, which today account for sales of some £600 million per annum. Spalding is now widely acknowledged as the founder of commercial CFD, a status recognized by his numerous awards listed at the end of this memoir.
A fascination with language
Spalding's passion for communicating ideas succinctly and lucidly may have begun at King's College School. As mentioned earlier, the school had hoped he would study 'the Classics', but the lure of engineering with its emphasis on mathematics and application of scientific principles proved irresistible. Even so, language and its communication remained a consummate fascination throughout his life. Indeed, for his researchers at Imperial College he set out a crisply written 100-page guide (35) on writing technical reports (which might well have been externally published, with considerable benefit to authors and their readers alike). As for poetry, he discovered that it not only enabled him to express his thoughts concisely but also provided a vehicle for de-fusing tensions; it also facilitated his learning the Russian language.
His attraction to Russia, its people and language began while at Oxford (where, as noted, he had temporarily joined the Communist Party). Later, after meeting A. V. Luikov (Academician at the Byelorussian Academy of Sciences) in 1960 and subsequently spending a family holiday together, he 'resolved to learn the language' (Begell 1983 ). However, he found the textbooks unattractive; so, to assist his learning:
The Russian poet whom he especially read was A. S. Pushkin, whose immortal classic novel in verse, Eugene Onegin, served both as Spalding's guide to learning the language and to re-ignite his passion for writing poetry. While not as prolific in verse as in science, he nonetheless contributed several volumes of poetry (41-46), although these have remained largely undiscovered. In the foreword to My brass rubbings (42), he notes this 'unusual occupation'. Spalding attended many scientific meetings in Russia and through those connections was introduced to Professor Sergey Sapozhnikov at Peter-the-Great Polytechnic University, St Petersburg; it was through their shared scientific and poetic interests that Spalding's books were published, most in both English and Russian.
He wrote poems to commemorate each passing year, by which time most of his scientific friends and acquaintances understood his 'unusual occupation': 'I humbly ask friends from the world of science to consider my verse completely ordinary.' He used poetry to express his inner feelings, whether for solace or to acknowledge discord in his relationships with others: Some [poems] are written only for themselves, so that it is easier to take unfavorable turns of events; others had to please, convince or even warn some of those with whom one was in close acquaintance. (43) In his later years he wrote, on or around his birthday, poems that seem to acknowledge the impermanence of his life. At the age of 90 he penned an autobiographical poem, My three lady friends (restlessness, ignorance and laziness), that described, tongue-in-cheek, the philosophy underpinning his approach to science and engineering (46).
Journal editing and other international contributions
By the late 1950s, Spalding, perhaps with Owen Saunders' background support, had already become part of a small, but influential, international group that shaped the future development of heat transfer research for at least the next two decades. Other members included E. R. G. Eckert and J. P. Hartnett from the USA and A. V. Luikov. The group decided that a new professional journal was needed to bring together the processes in which heat and mass transfer were vital and also to attract a stronger mix of international contributions. Saunders knew Robert Maxwell, the owner of Pergamon Press, and it was through the latter that the International Journal of Heat and Mass Transfer was published from 1960 with Spalding as a founding editor. From launch, the journal grew to become the leading publication in the field, a position it retains today. Spalding served as an editor for more than 30 years and personally contributed in excess of 65 items to its pages, the last being in 2012, more than half a century after the journal's founding.
A further issue that the group took up, particularly stimulated by Luikov, was the creation of a centre where researchers from the East and West could easily meet to exchange research findings and to discuss a range of technical issues. With the coolness of East-West political relations in the mid 1960s, Spalding recognized that Yugoslavia, formed after World War I and placed, politically, between the Soviet Union and the West, offered the best location, his persuasive arguments managing to see off a counter-proposal for Paris. Thus, in 1968 the International Centre for Heat and Mass Transfer (ICHMT) was formed, the administrative base being the Boris Kidrič Institute in Belgrade, while annual conferences were initially held at Herceg-Novi on the Adriatic coast. Since its founding, the ICHMT has prospered and become a leading international organization to sponsor meetings on all facets of thermal-fluid dynamics across the globe. Indeed, Spalding, at the age of 92, participated in the ICHMTpromoted International Symposium on Turbulence, Heat and Mass Transfer in Sarajevo in 2015, actively contributing to discussions of many papers and delivering a special lecture, 'A turbulence model for the fully stirred reactor', where he outlined novel applications for his 'population model'.
Some 20 years after the founding of the ICHMT, Spalding was active in forming a further research-exchange institution, ERCOFTAC (European Research Community on Flow, Turbulence and Combustion). This was a loose association of research groups in the indicated areas with an administrative base in Brussels (Hirsch 1993). Spalding served as the initial chairman of the Scientific Programme Committee, setting in place structures to facilitate group collaboration (special interest groups) in particular areas. With the endeavour well launched, he passed over the role to his former student, Wolfgang Rodi, but was pressed into becoming honorary president of the association.
In the early 1960s, Spalding had formed a friendship with another Soviet scientist, Veniamin Levich, that evolved into an enduring family relationship. Levich had written the definitive book on physicochemical hydrodynamics (PCH) in 1952, which a decade later was translated into English (Levich 1962). Spalding, in the obituary he wrote on Levich's death (39), declared it was 'widely acclaimed as a masterly bringing together of streams of science which and, until then, flowed separately; indeed, it established its subject as a field of study in its own right'. They apparently had first met at a technical meeting in Minsk in 1961; then, on learning that Levich would participate in the 2nd International Heat Transfer Conference in London the following year, Spalding invited him to stay at his home. They met periodically thereafter until, at a meeting in London in 1971, Levich disclosed that he could no longer live in the Soviet Union and would seek to emigrate to Israel. However, when this aspiration became known, the Soviet authorities denied him permission to leave and removed him from his professorship. In May 1972 Spalding travelled to Russia for a conference in Minsk and managed to meet Levich and his family in their flat in Moscow to be fully briefed on the situation. On his return to the UK, Spalding launched a blistering campaign aimed at securing exit papers for Levich and his family. His efforts, supported by Greville Janner MP (who argued in Parliament for Levich's release under the Helsinki Accord) and Lord Dainton FRS (who offered Levich a fellowship at University College, Oxford) among others, came to nought. Thereafter, with his Imperial College colleague, Dr R. G. Taylor, he launched an appeal, fronted by four Fellows (Sir Derek Barton, Lord Dainton, P. V. Danckwerts and K. G. Denbigh) and co-signed by more than 3500 scientists and engineers from around the world, that was sent to innumerable bodies and individual scientists in the Soviet Union appealing for their support for Levich's release. The Royal Society became involved, through its Foreign Secretary Kingsley Dunham expressing 'grave concern' at the plight of Levich and his family (Dunham 1972 ). Thereafter, Spalding organized an international conference on PCH held in Oxford in honour of Levich's 60th birthday in 1977. While neither the honorific subject nor any other Soviet scientist in the field was able to attend, a follow-on conference in Washington was held the next year. By then it seems that the international clamour for Levich's release had reached a level where the Soviet authorities sought an escape. This was provided by Senator Edward Kennedy's visit to Moscow to meet with the Soviet leader, Leonid Brezhnev. On Kennedy's departure, he was given a list of 'refuseniks' who would be given exit permits, among whom were Levich and his wife (Kaiser 1978) . They flew to Vienna, where they were met by Spalding (figure 2) before travelling on to Israel for Levich to take up a chair at Tel Aviv University in the autumn of 1978.
The final years
Spalding's work with CHAM continued following 'retirement' with little reduction in scale. While his primary concerns involved improving the company's quality of service and further extending the capabilities of PHOENICS, he continued to deliver thought-provoking papers for international conferences in convective heat transfer and combustion, at least one every year and often more. He also contributed to Wimbledon Village life by making the front premises of CHAM's property available to a local independent book-seller after they had had to vacate their former shop due to a rise in rent. The other principal causes of his global travel were the international prizes and honorary degrees conferred on him. A list of his major awards appears at the end of this memoir, but three bestowed in his later years are especially significant. He became the Global Energy Laureate of 2009, an award of the Global Energy Foundation, presented by Russian President Dmitry Medvedev ( figure 3) . The following year, in Philadelphia, he received the Franklin Institute Medal in Engineering (especially appreciated as a previous recipient had been Einstein). Figure 4 shows Spalding immediately following the receipt of this award together with his wife, Colleen, and their two sons.
Perhaps the most poignant award was one received on home soil: in 2014, Imperial College conferred on him an honorary doctorate (figure 5). Photographs from this and other memorable occasions in his life, along with personal tributes by those whose lives Spalding had especially touched, have been brought together in a memorial compilation by Runchal (2017). Spalding's final paper presentation at an international conference was in Sicily in September 2016 (48). Then, in October, he spoke at a specialist technical meeting in Cologne before travelling to Moscow to interact with a research group with whom he worked closely. It was there that he contracted the infection that was to prove fatal. Despite the best of medical treatment in Moscow, he died on 27 November after an emergency transfer back to the UK. The reaction of academic colleagues around the world was one of astonishment, even disbelief; for, although he was in his 94th year, his continuing insightful contributions and his general physical demeanour left all who met him with the impression that he would easily reach his century.
On the day following his death, Colleen discovered a final sonnet he had written; with her permission, it seems appropriate that it should conclude this memoir. 
